Following our recent study on Ng-Pt-Ng ͑Ng= Ar, Kr, Xe͒ ͓J. Chem. Phys. 123, 204321 ͑2005͔͒, the binding of noble-gas atoms with Pd atom has been investigated by the ab initio coupled cluster CCSD͑T͒ method with counterpoise corrections, including relativistic effects. It is shown that two Ng atoms bind with Pd atom in linear geometry due to the s-d hybridization in Pd where the second Ng atom attaches with much larger binding energy than the first. The binding energies are evaluated as 4.0, 10.2, and 21.5 kcal/ mol for Ar-Pd-Ar, Kr-Pd-Kr, and Xe-Pd-Xe, respectively, relative to the dissociation limit, Pd ͑ 1 S͒ + 2Ng. In the hybrid Ng complexes, the binding energies for XePd and Ng ͑=Ar, Kr͒ are evaluated as 4.0 and 6.9 kcal/ mol for XePd-Ar and XePd-Kr, respectively. The fundamental frequencies and low-lying vibrational-rotational energy levels are determined for each compound by the variational method, based on the three-dimensional near-equilibrium potential energy surface. Results of vibrational-rotational analyses for Ng-Pt-Ng ͑Ng= Ar, Kr, Xe͒ and XePt-Ng ͑Ng= He, Ne, Ar, Kr͒ compounds are also given.
I. INTRODUCTION
Chemical compounds containing noble-gas atoms have attracted much attention since the synthesis of the first Ng compound, XePtF 6 . 1 In the field of noble-gas chemistry, there has been a lot of interplay between the experiments and theoretical calculations. Frenking and co-workers [2] [3] [4] first predicted the existence of neutral species containing a light noble-gas atom, Ng-BeO ͑Ng= He, Ne, Ar͒, by ab initio calculations. Later, the compounds, Ng-BeO ͑Ng= Ar, Kr, Xe͒, have been detected experimentally by Thompson and Andrews through pulsed-laser-ablation matrix-isolation spectroscopy, 5 and then Veldkamp and Frenking 6 reported the calculated structures and bond energies for those detected compounds. Very recently, we reported theoretical calculations that an argon atom possibly combines with NiCO, NiN 2 , and CoCO, with a larger binding energy than expected ͑7 -9 kcal/ mol͒. [7] [8] [9] [10] It was shown that the bending frequency in these compounds increases by 40-50 cm −1 ͑ϳ10% ͒ due to binding with an argon atom, resulting in quite good agreements with the corresponding experimental frequencies recorded for each compound in solid argon.
Pyykkö predicted the existence of gold-xenon cationic species, AuXe + and XeAuXe + , by theoretical calculations, 11 which have been detected later by mass sepectroscopy. 12 The binding strength in a noble-gas-noble-metal bond, Au-Xe, has been related to the strong relativistic effects in heavy elements. 13, 14 In 2000, Seidel and Seppelt 15 reported the existence of bulk compound, AuXe 4 2+ ͓Sb 2 F 11 − ͔ 2 . Hu and Huang 16 studied the intrinsic stability of the noble-gascoordinated transition metal complex ions, ͓AuNg 4 ͔ 2+ ͑Ng =Ar,Kr,Xe͒, and some other hypothetical ions by density functional theory ͑DFT͒ and ab initio calculations. Gerry and co-workers have found that Ng atom makes a stable compound with a coinage metal monohalide, Ng-MX ͑Ng = Ar, Kr, Xe; M = Cu, Ag, Au; and X =F,Cl,Br͒ and determined their geometrical structures by the microwave spectra. [17] [18] [19] [20] [21] [22] [23] An ab initio study on these compounds showed a qualitative agreement in bond lengths between theory and experiment. 24 Ghanty proposed a new class of Ng compounds containing noble-gas-noble-metal bond where Ng atom is inserted into a noble-metal molecule ͑Au-X͒ resulting in the formation of Au-Ng-X species and investigated the stability of Au-Ng-X ͑Ng= Kr, Xe; X =F,OH͒ 25 and M -Ng-F ͑M = Ag, Cu; Ng= Ar, Kr, Xe͒ 26 by DFT and ab initio calculations. Burda et al. 27 investigated a binding strength for the neutral species, M -Xe ͑M =Ni,Pd,Pt͒, by applying ab initio methods with quasirelativistic pseudopotentials. They found that Pd-Xe and Pt-Xe were bound by 9.9 and 16.2 kcal/ mol, respectively, while Ni-Xe has no bound states. Very recently we also examined the binding of Pt atom with noble-gas atoms, Ar, Kr, and Xe, by ab initio coupled cluster method with the larger all-electron basis sets and found that two Ng atoms can bind with Pt atom strongly in linear geometry in the singlet lowest state where the second Ng atom attaches to Pt atom with a larger binding energy than the first Ng atom. 28 The binding energies were evaluated as 8.2, 17.9, and 33.4 kcal/ mol for Ar-Pt-Ar, Kr-Pt-Kr, and Xe-Pt-Xe, respectively, relative to the triplet ground state of the dissociation limit, Pt ͑ 3 D͒ + 2Ng. In the present study, we investigate geometrical structures and binding energies of new noble-gas-containing species, Pd-Ng, Pd-Ng 2 , and Pd-Ng 3 ͑Ng= Ar, Kr, Xe͒, by applying ab initio coupled cluster calculations with the large basis sets, including relativistic effects. The possibility of existence of the hybrid Ng compounds, Xe-Pd-Ng ͑Ng =He,Ne,Ar,Kr͒, is also examined. To help the spectroa͒ scopic search of these new species, fundamental frequencies, overtones, and combination bands are evaluated for triatomic compounds by the variational method using the RVIB3 program developed by Carter and Handy. 29, 30 Similar vibrational-rotational analysis is also performed for platinum-noble-gas triatomic molecules.
II. COMPUTATIONAL DETAILS
Ab initio calculations were carried out for the singlet ground state of Pd-Ng ͑in C ϱv ͒, Pd-Ng 2 ͑in D ϱh ͒, and Pd-Ng 3 ͑in D 3h ͒ ͑Ng= Ar, Kr, Xe͒, as well as the hybrid complex, Xe-Pd-Ng ͑Ng= He, Ne, Ar, Kr͒, at the coupled cluster singles and doubles including a perturbational estimate of triple excitations ͓CCSD͑T͔͒ level using the MOLPRO program package. 31 In the CCSD calculations, inner-shell orbitals were frozen for noble-gas atoms, while the excitations from 4s, 4p, and 4d orbitals were taken into account explicitly for Pd atom. The relativistic effects were included by using the Douglas-Kroll relativistic one-electron integrals. 32, 33 We also calculated the energy level of Pd ͑ 3 D͒ by the spin-restricted CCSD͑T͒ ͓RCCSD͑T͔͒ method to check the accuracy of the present computational methods.
We have used the relativistic basis sets developed by Tsuchiya et al. 34 for the inner and valence shells, which are augmented by the correlated sets of basis functions developed by Sekiya and co-workers. [35] [36] [37] [38] [39] The original basis set of Tsuchiya et al. for Pd atom is a minimal one which is written as ͑23s19p12d͒ / ͓4s3p2d͔. This set has been split and the correlated sets 35 have been added so as to represent the effect of electron correlation due to 4s, 4p, and 4d orbitals of Pd atom, i.e., ͑23, 23, 23, 23͒ + ͑3,1,2͒ → ͑20, 20, 20, 20 38 and ͑1,1/1,1/2͒ for Xe, 38 are added. In the estimation of the interaction energy between Pd and Ng atoms, the basis set superposition error ͑BSSE͒ was corrected by the standard counterpoise correction method. 40 The interaction energy ͑V int ͒ for Pd-Ng, Pd-Ng 2 , and Pd-Ng 3 can be expressed respectively as
where V x ͑r͒ denotes the CCSD͑T͒ energy for X system or fragment with the Pd-Ng distance r calculated with the basis sets for the entire system. Geometry optimizations are carried out within the respective point groups by minimizing the above interaction energies in Eqs. ͑1͒-͑3͒. Xe͒. For triatomic compounds, Pd-Ng 2 ͑Ng= Ar, Kr, Xe͒ and Xe-Pd-Ng ͑Ng= He, Ne, Ar, Kr͒, we also carried out variational calculations to determine fundamental frequencies and low-lying vibrational energy levels using the RVIB3 code 29, 30 in terms of three-dimensional interaction potential energy surfaces. To determine the potential energy surface, we calculated CCSD͑T͒ counterpoise-corrected energies at 196 points around the equilibrium structure and then fitted those energies to the fourth-order polynomials as
where q 1 and q 2 denote the dimensionless Simons-ParrFinlan coordinate for each Pd-Ng bond length ͑r 1 and r 2 ͒ defined as
and q 3 denotes the supplement of the valence angle in radian. For Pd-Ng 2 species in D ϱh point group, the symmetryadapted stretching coordinates were used in RVIB3 calculations. The basis functions for the stretching part have been built by contracting 25 one-dimensional harmonic oscillator functions for each stretching coordinate to 16 functions in terms of 46 Gauss-Hermite quadrature points and combining these optimized functions in a series of two-dimensional contraction schemes; the size of the Hamiltonian matrix is 16ϫ 16= 256 which is split to sub-blocks of totally symmetric and antisymmetric parts in the case of D ϱh species, and 16 two-dimensional functions were collected in the respective symmetry representations. As to the bending part, 71 associated Legendre functions have been employed as the primitive basis functions, which were then contracted to 35 basis functions; the optimized bending functions were stored at 82 quadrature points. For each value of the rotational quantum number, the secular matrix was constructed using the vibrational expansion functions and the rotational symmetric-top functions and was diagonalized to obtain the vibrational-rotational energy levels. We also carried out additional calculations for the platinum-noble gas compounds, Pt-Ng 2 ͑Ng= Ar, Kr, Xe͒ and Xe-Pt-Ng ͑Ng= He, Ne, Ar, Kr͒, at the same computational levels. The basis sets for Pt have been made from the relativistic basis sets 34 and the correlated sets, 39 the details of which are described in the previous paper. 28 The calculations include geometry optimization and vibrational-rotational calculations using the RVIB3 code for the respective compounds.
III. RESULTS AND DISCUSSION
The electronic ground state of Pd atom is 1 S, with the valence electronic configuration ͑4d͒ 10 while the first excited state is 3 D with ͑4d͒ 9 ͑5s͒ 1 . By CCSD͑T͒ and RCCSD͑T͒ calculations, the energy difference between 1 S and 3 D states of Pd atom is evaluated as 19.2 kcal/ mol, which is smaller by about 1 kcal/ mol than the experimental ͑J-averaged͒ value from the NIST tables, 20.3 kcal/ mol. 42 Raab and Roos reported the closer value, 19.8 kcal/ mol, for the corresponding excitation energy calculated by the CCSD͑T͒ method with different basis sets. 43 In the case of Pt atom the electronic ground state is 3 D ͓͑5d͒ 9 ͑6s͒ 1 ͔, while the first excited state is 1 S ͓͑5d͒ 10 ͔. Their energy difference was evaluated as 11.5 kcal/ mol at the same computational level. 28 By the binding with Ng atoms, the triplet potential energy curves for Pt-Ng show a repulsive feature, while the singlet state is stabilized, resulting in the bound 1 ͚ + ground state of Pt-Ng. Then, the triplet and singlet potential energy curves cross with each other at some interatomic distance in Pt-Ng, while such curve crossings do not occur in Pd-Ng. In Pd-Ng system, the spin-orbit coupling effects from the triplet excited state on the singlet ground-state potential energy curve may be very small because of a sufficiently large energy difference. Therefore we focus on the singlet ground state of palladium-noble-gas compounds in the following. Figure 1 shows potential energy curves, V int,Pd-Ng , for the ground 1 ͚ + state of Pd-Ng ͑Ng= Ar, Kr, Xe͒. In these potential energy curves, the BSSE was already corrected by the counterpoise method. As shown in Fig. 1 14 Here we discuss the binding mechanism of Pd and Ng atoms. As shown in Table I , Pd-5s population slightly increases ͑0 → 0.142͒ while Pd-4d population slightly decreases ͑10→ 9.727͒ in Pd-Ng ͑numbers in parentheses correspond to populations for Pd-Xe͒. This means that, by the binding with Ng atom, the s-d hybridization is invoked in Pd atom due to the mixing of ͑4d͒ 10 and ͑4d͒ 9 ͑5s͒ 1 electronic configurations. The s-d hybridization moves Pd-d electrons out into regions perpendicular to the Pd-Ng axis, which leads to an electron-nuclear attraction between a partially unshielded Pd core and the electrons on Ng atom. This may be the origin of the binding strength between Pd and Ng atoms. The same mechanism was previously proposed for understanding the metal-ligand binding mechanism in Pd-H 2 O and in Pd-NH 3 by Blomberg and co-workers. 44, 45 For Pd-Ng 2 systems, the counterpoise corrections have been applied to evaluate the binding energy relative to the dissociation limit of Pd+ Ng+ Ng in the same way as calculations for Pd-Ng. Figure 2 shows counterpoise-corrected potential energy curves, V int,Pd-Ng 2 , for the lowest singlet In order to get insight into the higher bond strength of the second Pd-Ng bond in Pd-Ng 2 , we calculated the potential energy curve for XePd-XeЈ as a function of Pd-XeЈ interatomic distance r, where XePd bond length is fixed to the equilibrium bond length in PdXe 2 . In this calculation, the counterpoise-corrected interaction energy was evaluated as responds to a global minimum. As is clearly shown in these potential energy curves, the second Xe atom attaches to XePd with a larger binding energy than the first Xe atom. Why does the second Ng atom bind stronger than the first one? This can also be explained by the s-d hybridization in Pd atom. As described for the Pd-Ng diatomic molecules, the s-d hybridization reduces the charge density along the molecular axis, and thus electron repulsions between Pd and Ng atoms are reduced. In Ng-Pd-Ng, both Ng atoms benefit from reduced repulsion, while they can share the energetic cost of hybridization. This is the reason why the second Ng atom attaches to Pd-Ng from the other side in the linear configuration more strongly than the first Ng atom. The similar interpretation was applied previously to explain the tendency in the binding energies of Cu + -͑H 2 O͒ n and Cu + -͑NH 3 ͒ n . 46, 47 According to the atomic-orbital populations of Pd-5s and Pd-4d in Tables I and II, 36.9 cm −1 ͑Xe͒. The vibrational energy levels for bending modes are described by two quantum numbers, v 2 and l, the latter of which is a vibrational angular quantum number. The overtones for bending mode show a small splitting as to l = 0 and 2. was calculated as Figure 5 shows energy profiles along the linearly interpolated path for Pd-Ng 3 → Ng+ Pd-Ng 2 . In the case of Pd-Kr 3 and Pd-Xe 3 , there is an activation barrier to the dissociation of NgЈ atom, although the activation energy is not so large especially for Pd-Kr 3 . In the case of Pd-Ar 3 , the change of potential energy shows an almost flat feature, indicating that Pd-Ar 2 is coordinatively saturated, and no additional Ar atoms can attach to Pd-Ar 2 . Table V summarizes the bond lengths, binding energies, and Mulliken atomic-orbital populations ͑Pd-5s and Pd-4d͒ of the D 3h minimum for Pd-Ng 3 .
As shown in atomic-orbital populations, the hybridizations in 5s and 4d atomic orbitals are extensively reduced from those in Pd-Ng 2 , which may result in less stabilization for the binding of Ng and Pd-Ng 2 .
The comparison of Pd-Ng bond lengths and binding energies in Pd-Ng, Pd-Ng 2 , and Pd-Ng 3 indicates that the order of Pd-Ng bond strength is Pd-Ng 2 Ͼ Pd-Ng Ͼ Pd-Ng 3 . In particular, the Pd-Ar bond length decreases from 2.797 Å in Pd-Ar to 2.544 Å in Pd-Ar 2 system, and again it increases to 2.901 Å in Pd-Ar 3 . This behavior is related to the binding mechanism due to s-d hybridization, which occurs most effectively in a linear geometry. Following the analyses of bond lengths for Ng-MX system by Gerry and co-workers, 21, 22 we compare the M -Ng bond lengths in M -Ng, M -Ng 2 , and M -Ng 3 species with respect to "van der Waals limit" and "covalent limit." In the present cases of Pd-Ng n and PtNg n , the bond lengths in van der Waals limit ͑r vdW ͒ could be expressed as a sum of van der Waals radii of each atom, while those in covalent limit ͑r cov ͒ correspond to a sum of covalent radii of each atom. Table VI shows comparison of M -Ng bond lengths with values estimated from standard parameters of van der Waals radius 48, 49 and covalent radius 50-52 of the respective atoms. As is clearly shown here, bond lengths in van der Waals limit are much larger than the calculated bond lengths, and M -Ng bonds in Pd-Ng n and Pt-Ng n can be classified to covalent bonds. Especially, M -Ng bond lengths in Pd-Xe 2 , Pt-Ar, Pt-Ar 2 , Pt-Kr, and Pt-Kr 2 are very close to the value of covalent limit, and Pt-Xe bond lengths in Pt-Xe and Pt-Xe 2 are even smaller by 0.1-0.2 Å than the covalent limit value. It is noted that there are several variations of covalent radius for Pd and Pt atoms.
In the present study, we have found that the second Ng atom can attach to Pd with much larger binding energy than the first Ng atom. Based on this discovery we decided to perform ab initio calculations for the hybrid noble-gas compounds, Xe-Pd-Ng and Xe-Pt-Ng ͑Ng= He, Ne, Ar, Kr͒, since the lighter noble-gas atoms are expected to bind with PdXe or PtXe more easily than with Pd or Pt atom. The CCSD͑T͒ counterpoise-corrected potential energies were calculated at 196 points around the minimum energy structure estimated from DFT calculations, and those energies were fitted to the potential energy functions defined in Eq. ͑4͒. Then, the equilibrium structures were determined from these fitted surfaces for the respective compounds. At this stage, we noted that there was no bound state for Xe-Pd-Ne. Table VII shows expansion coefficients for the respective potential energy surfaces for Xe-M -Ng ͑M = Pd, Pt; Ng =He,Ne,Ar,Kr͒. Based on these potential energy surfaces, variational calculations were performed to determine vibrational-rotational energy levels using the RVIB3 code. 53 which is much larger than the expected stabilization energy for Ni-Ng 2 . This consideration suggests that it is difficult to detect Ni-Ng 2 compounds in the experiment.
IV. CONCLUDING REMARKS
We have examined the possibility of new noble-gas compounds with Pd and Pt atoms by applying the CCSD͑T͒ method with the Douglas-Kroll relativistic scheme. We used all-electron relativistic basis sets, augmented with the correlated sets, to take into account both relativistic effects and electron correlation effects quantitatively. The calculations give the expected trend of higher binding energies for the heavier noble-gas xenon. It is also shown that Pt-Ng binding is much stronger than the corresponding Pd-Ng bonding both in terms of bond length and binding energy. The Pt-Ng bond lengths are smaller than the corresponding Pd-Ng bond lengths, which is linked with the stronger relativistic effect in Pt and is a consequence of relativistic bond length contraction.
It is found that Pd-Ar 2 , Pd-Kr 2 , and Pd-Xe 2 have sufficiently large binding energies of 4.01, 10.17, and 21.49 kcal/ mol, respectively. These species take linear geometry as the minimum in which the second Ng atom attaches to Pd atom with a larger binding energy than the first Ng atom. The binding mechanism in these compounds can be explained by the s-d hybridization in Pd atom. The binding energies for the lighter noble-gas atoms and PdXe or PtXe are also examined by the same computational methods, and we show that the hybrid compounds, Xe-Pd-Ar, XePd-Kr, Xe-Pt-He, Xe-Pt-Ar, and Xe-Pt-Kr, also have a sufficient binding energy. The rotational constants and fundamental frequencies for these species are also determined by variational calculations. We hope that our calculations will motivate the experimentalists to synthesize these new noble-gas compounds.
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